INTRODUCTION
============

Large elastic arteries in the central region and medium-sized muscular arteries have two functions, i.e., they act as low resistance conduits and as flow pulsation buffers ([@B1]). Moreover, a reduction in buffering capacity may increase systolic blood pressure (BP), left ventricular afterload, and pulsatile flow in capillary beds and reduce the diastolic contribution to blood flow in the coronary artery ([@B2]). Arterial stiffness is determined by the properties of the arterial wall matrix and by vascular smooth muscle tone, and may be changed immediately by an alteration in vascular smooth muscle tone caused by exercise ([@B3]). Exercise training-induced alterations in arterial stiffness would be of great benefit to those with coronary artery disease (CAD), and would potentially reduce myocardial oxygen demand and ischemic symptoms ([@B4]).

In the present study, we investigated the effect of short-duration exercise on arterial stiffness in patients with coronary artery disease, by repeatedly measuring brachial-ankle (ba) pulse wave velocity (PWV); an established non-invasive means of assessing arterial stiffness.

MATERIALS AND METHODS
=====================

Subjects
--------

Fifty patients that underwent percutaneous coronary intervention (CAD group) and 50 patients without a history of cardiovascular disease (control group) who were referred for treadmill testing by physicians mostly due to atypical chest pain, were prospectively enrolled. Patients who were positive for myocardial ischemia on treadmill tests or those with comorbid conditions that limited exercise were excluded to ensure adequate exercise duration. Thus, patients with residual ischemia after PCI was excluded from CAD group and patients with overt clinical coronary artery disease was excluded from control group.

Measurements
------------

Brachial-ankle PWV was measured using an automatic PWV measurement system (Form-PWV/ABI, Colin, Komaki, Japan) in both brachia and ankles before treadmill exercise testing. This instrument simultaneously records baPWV, and brachial and ankle blood pressures on left and right sides, and provides an electrocardiogram and heart sounds. After baseline measurements, each subject performed symptom limited treadmill exercise testing according to the Bruce protocol. At 10 min after the completion of exercise, baPWV was remeasured. Heart rate and blood pressure (BP) were continuously monitored during exercise. For the analysis, baPWV values measured in both arms were averaged.

Statistics
----------

All values are expressed as means±standard deviation (SD). Statistical analysis was performed using SAS (SAS System for Windows 9.00, Cary, NC, U.S.A.). The chi-square test and the unpaired t-test were used to assess differences between the two groups at baseline. Linear correlations between parameters were established by Pearson correlation analysis. The paired t-test was used to compare pre- and post-exercise results, and the independent t-test was used to compare the effect of exercise in both groups. Multiple linear regression analysis was used to evaluate associations between baPWV changes and independent variables, and stepwise regression was used to select independent variables. *P* values of less than 0.05 were considered significant.

RESULTS
=======

The clinical characteristics and laboratory findings of the study subjects are shown in [Table 1](#T1){ref-type="table"}. Mean age was higher in the CAD group, and the CAD group contained more male patients and hypertensive patients than the control group. The CAD group had a lower mean left ventricular ejection fraction, a lower mean LDL cholesterol, a higher baPWV, and a shorter treadmill exercise duration than the control group. The patients with CAD took more medicines, such as aspirin, β-blockers, renin-angiotensin system inhibitors, and HMG-CoA reductase inhibitors. Baseline baPWV values were found to correlate significantly with age, systolic BP (SBP), mean arterial pressure (MAP), and diastolic BP (DBP) ([Table 2](#T2){ref-type="table"}).

Brachial-ankle PWV values were significantly lower at 10 min after exercise than at baseline in both groups. However, this decrease was significantly larger in the CAD group, thus baPWV in the CAD group was initially higher than in the control group but became similar after exercise. In the control group, SBP and MAP were significantly lower at 10 min after exercise than at baseline, but DBP was not. In the CAD group, MAP was significantly lower at 10 min after exercise than at baseline ([Table 3](#T3){ref-type="table"}), whereas SBP was marginally lower, and DBP was not significantly different. Heart rates were higher at 10 min after exercise than at baseline in both groups ([Table 3](#T3){ref-type="table"}). By multivariate analysis, the CAD group showed a larger decrease in baPWV after exercise than the control group after adjusting for age, BMI, SBP, MAP, MAP reduction, and baseline baPWV ([Table 4](#T4){ref-type="table"}).

DISCUSSION
==========

Arterial stiffness increases left ventricular afterload and alters coronary perfusion ([@B5]), and has been independently associated with target organ damage and increased cardiovascular morbidity and mortality ([@B6]). Brachial-ankle PWV is a simple marker of arterial stiffness ([@B7], [@B8]) and mainly reflects large artery stiffness, although it has also been reported to reflect endothelium-dependent peripheral vasodilation.

Changes in vascular wall distensibility may be induced by changes in the quality and quantity of vascular fibrous matrix (e.g., elastic fibers and collagen fibers in media: an organic factor) and by changes in smooth muscle tone (a functional factor). Elastic fiber is the primary determinant of vascular distensibility under physiologic conditions ([@B9], [@B10]). Moreover, the elastin-collagen compositions of arterial walls represent a more chronic component of arterial stiffness and changes only over years, thus it is unlikely that short-duration aerobic exercise changes these structural components ([@B11]). Instead, arterial compliance is probably altered in the short terms, or even acutely, via the modulation of the sympathetic-adrenergic tone of smooth muscle cells in arterial walls ([@B12]), which is affected by autonomic nervous activity and vasoactive agents derived from vascular endothelial cells, e.g., nitric oxide (NO), prostacyclin, and endothelium-derived hyperpolarizing factor ([@B13]). In particular, the production of NO is important, because it is a potent endothelium-dependent vasodilator and reduces vasoconstrictor response to α-adrenergic receptor stimulation ([@B14]). Moreover, pulsatile flow in the aorta associated with exercise training might evoke the acute release of NO, upregulate NO production, and increase the productions of other vasodilatory factors ([@B15]-[@B17]). In CAD patients, endothelial dysfunction develops secondary to reduced NO production and early reactivation by reactive oxygen species ([@B18]). In the present study, baPWV, which was higher in the CAD group at baseline, was found to be reduced significantly at 10 min after exercise in both groups, and because this decrease was larger in the CAD group, no difference in baPWV was observed between the two groups after exercise. These observations suggest that short-duration exercise affects arterial stiffness even in patients with CAD. We speculate that the mechanism involved may be related to the restoration of an equilibrium between NO production and inactivation by reactive oxygen species, which also appears to be the primary mechanism underlying exercise training-mediated perfusion improvements in CAD patients ([@B18]).

BP and age have been reported to be important determinants of baPWV in healthy individuals ([@B7], [@B19]), which is consistent with the findings of the present study. Exercise duration is significantly different between the two groups which might be a confounding factor. However, exercise duration is longer and the proportional change of baPWV is *smaller* in control group, and moreover exercise duration is not correlated to both absolute and relative change of baPWV (data not shown). Thus it is not probable that different exercise duration is a significant confounding factor.

Because, as mentioned above, CAD group members were taking more medications, it is unclear whether our findings suggest that patients with stable CAD have the potential to reverse arterial stiffness with exercise *despite* the presence of disease or whether they reflect an effect of the medications taken, such as aspirin, β-blocker, renin-angiotensin system inhibitor, and HMG-CoA reductase inhibitor. The lower level of LDL-cholesterol in the CAD group was probably due to HMG-CoA reductase inhibitors.

However, considering the higher baseline baPWV value in the CAD group, it appears that medications do not completely normalize arterial stiffness in CAD patients and that short-duration exercise seems to independently improve arterial stiffness immediately. Because majority of patients in CAD group and only a small number of persons in control group was taking one or more of the drugs which influence endothelial functions, statistical adjustment is not feasible with our data. Complete exclusion of the effects of medication probably can only be performed by experimental design in which normal control group is given the same medications.

Still, it is rather puzzling that CAD patients showed more prominent reduction in baPWV than control group and resulted in similar level of baPWV after exercise. This apparent \'reversibility\' of arterial stiffness might be related to the duration and extent of atherosclerosis. As discussed above, arterial stiffness can be accounted by both reversible and irreversible component. We speculate that those in relatively early course of CAD may have more reversible component related to endothelial dysfunction and less irreversible component such as structural change of vascular wall. This group of patients has higher baseline baPWV due to the endothelial dysfunction but much of this functional abnormality might be reversible by some intervention, such as short-duration exercise in this study. Patients in the CAD group had undergone percutaneous coronary intervention and those with findings of residual ischemia were excluded by exercise test. This exclusion may have resulted in selection of patients with lower risk and less extensive coronary artery disease.

However, as a limitation of this study, we do not have enough information on the duration and extent of CAD in the patient group. Also, it is not possible to investigate this speculation further by measuring biomarkers of NO production and oxidative stress. Another potential limitation is that only brachialankle PWV was measured in our study. If markers of central blood pressure ([@B20], [@B21]) had been measured, different findings might have been found. In previous studies, aerobic exercise improved peripheral arterial stiffness but not central arterial stiffness ([@B22]), and central arterial stiffness was a better prognostic factor than peripheral arterial stiffness ([@B23]). However, this does not mean that peripheral arterial stiffness is meaningless, which has been shown to have prognostic value in another study ([@B24]), and also shown to be correlated to central arterial stiffness ([@B8]). It is likely that central arterial stiffness is a better index but peripheral arterial stiffness measured by baPWV is a very convenient alternative. These points should be subjects of future studies.

Another weakness of the study is that we do not have data on the heart rate and blood pressure at the time of PWV measurement. Because these variables acutely influence baPWV, this can be a potential source of confounding. However, we assume that heart rate and blood pressure was probably not different from the baseline at 10 min post-exercise.

Though our study showed immediate short-term response to exercise, evidence is scarce on whether repeated short-duration exercise may result in a persistent and long-term improvement of arterial stiffness. Further study is needed on this question, considering that frequent short-bout exercise is being discussed as a practical alternative to conventional long-duration exercise ([@B25], [@B26]).

In conclusion, in the present study, we prospectively investigated the effects of short-duration exercise on arterial stiffness by measuring baPWV in patients with or without CAD. A significant reduction in baPWV was observed at 10 min after short-term aerobic exercise in both groups, and in the CAD group this decrease was more prominent. These observations suggest that short-duration exercise training may be effective at improving arterial stiffness even in patients with coronary artery disease, at least in short-term. Clinical study is needed to see whether repeated short-duration exercise will improve arterial stiffness in CAD patients in long-term.
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###### 

Clinical characteristics and laboratory findings of study participants
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BMI, body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; baPWV, brachial-ankle pulse wave velocity; RAS inhibitors, renin angiotensin system inhibitors.
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Correlations between baPWV and clinical parameters at baseline
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The values shown are Pearson correlation coefficients.

BMI, body mass index; SBP, systolic blood pressure; MAP, mean arterial pressure; DBP, diastolic blood pressure; HR, heart rate; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol, TG, triglyceride; baPWV, brachial-ankle pulse wave velocity.
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Changes in hemodynamic parameters and PWV due to exercise
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^\*^*P* value for significant post-exercise change in each group; ^†^*P* value for the difference between group post-exercise changes.

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; baPWV, brachial artery pulse wave velocity.
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Predictors of baPWV change by exercise
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β regression coefficients. Model R^2^=0.31.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; baPWV, brachial artery pulse wave velocity.
